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MinireviewIs the Progress Zone Model
a Victim of Progress?
ished proliferation and rapid appearance of a domain
of cell death in the span of 6 to 8 hr after excision of
the AER. The death pattern extends to a depth of 200
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micrometers after operations at stages prior to stage
24. The extent to which progenitor cells are lost after
operation corresponds to the amount of distal deletionThe prevailing view has long been that mesenchymal
seen after operation at each stage. Replacement of thecells at the apex of the vertebrate limb bud proliferate
AER promptly after operation, however, prevents cellin a progress zone (PZ) under the influence of the
death and maintains apical proliferation. The same ef-apical ectodermal ridge (AER). According to the PZ
fect is achieved by grafting beads carrying the signalingmodel, proximodistal cell fates are specified ac-
protein, FGF4, which is normally produced by the AER,cording to the time spent in the PZ. New results, con-
to the denuded mesenchymal apex. These considera-sidered along with some earlier findings, fail to support
tions suggest that AER removal could produce the ob-this model.
served pattern of distal truncation without reference to
events presumed to be occurring in the PZ, and soThe skeletons of vertebrate limbs consist of three basic
without providing information as to when proximodistalelements in proximodistal order: stylopod (upper arm
segments are specified.or thigh), zeugopod (forearm or shank), and autopod
Disposition of Marked Cells and the Question(hand or foot; Figure 1A). In early development, the limb
of Specificationbuds are rimmed peripherally by a thick ridge of pseudo-
In search of further insights into the problem of proxi-stratified columnar ectoderm known as the apical ecto-
modistal specification, Tuttle et al. used the lipophilicdermal ridge (AER) (Figure 1B).
dyes DiI and DiO to examine the fates of cells markedFor almost 30 years, the prevailing model for the origin
early in development. In brief, they found for wing budsand specification of the proximodistal order of limb parts
of stage 19, that cells marked directly beneath the AERhas been the progress zone (PZ) model (Summerbell
appeared only in the autopod, those marked 100 mi-et al., 1973). This model has been widely adopted in
crometers proximal to the AER were found only in theresearch reports from many laboratories and almost uni-
zeugopod, and those labeled 200 micrometers belowversally cited in textbooks. The PZ is characterized as
the AER were found in the stylopod.the zone of histologically undifferentiated proliferating
To test whether the distal cells of the stage 19 limbcells subjacent to the AER. Within this zone, cells un-
bud are specified as autopod, the distal part of the stagedergo distalization with the passage of time, perhaps
19 wing bud, comprising the AER and the presumptiveas measured by the number of cell divisions. Cells exit
(as labeled) autopodial mesoderm, was grafted to thethe PZ proximally as proliferation continues; those that
stump of an amputated leg bud. The graft formed onlyexit first will be proximal in character; those emerging
digit-like skeletal elements. These elements showed thelater will be distal (Figure 3).
wing-specific molecular marker Tbx5 and the autopod-The evidence for this view is basically the following:
specific marker Hoxa-13. Therefore, the grafted tissuewhen the AER is removed, the limb that forms is trun-
was specified as autopod at stage 19, a stage well priorcated (Figure 2) at a proximodistal level that depends
to that predicted by the PZ model, thus casting doubt
on the stage of development of the bud at the time
on its validity.
of operation (Saunders, 1948). Proximal to the level of Effects of Knocking out Specific Signals
truncation, limb parts develop normally, but cells imme- Among the signaling proteins of major significance in
diately subjacent to the AER undergo massive cell the generation of the limb pattern are the FGFs, from
death. Exchange of AERs between limb buds of younger the AER (see Martin, 1998), and sonic hedgehog, SHH,
and older limb buds eliminates the death program but produced by the zone of polarizing activity (ZPA; Saun-
does not disturb the normal proximodistal sequence of ders and Gasseling, 1968; Pierce and Tabin, 1998) at
skeletal elements (Rubin and Saunders, 1972). In effect, the posterior edge of the limb bud proximal to the AER
the PZ model provides that signals from the AER prevent (Figure 1B). Of the several Fgf gene products expressed
activation of a death program in the apical mesenchyme in the AER, Fgf4 and Fgf8 are of particular importance.
and provide an autonomous clock that measures suc- In their absence, expression of Shh is not induced, or
cessive stages of proximodistal specification of progen- maintained, but, absence of expression of other Fgfs in
itors proliferating within the zone. the AER has little or no effect. Meawhile, the dorsoven-
Do Results of the Truncation Experiments Tell tral axis depends for its distal realization on signaling
Us the Extent of Skeletal Specification between the ZPA and the dorsal ectoderm, source of
at Any One Stage? Wnt7a.
To approach this question, Tuttle et al. (2002) examined Sun et al. (2002) created double knockout mice by
patterns of cell death and proliferation in limb buds after matings in which conditional alleles of Fgf4 and Fgf8
removal of the AER. They found, in confirmation of earlier are converted to null alleles by cre protein produced by
reports, that the apical mesenchyme undergoes dimin- the Msx2-cre transgene. In double KO embryos, Fgf4
and Fgf8 are inactivated in the hindlimb bud before ever
being expressed, and no hindlimbs develop. The hind-1Correspondence: jsaunder@mbl.edu
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Figure 2. Shoulder Girdle and Wing Skeletal Parts Formed after
Excision of the AER at Successively Later Stages in Development
of the Chick Wing Bud
Although the shoulder girdle develops independently of the AER,
its elements are shown for purposes of orientation: c, coracoid; s,
scapula. Other elements identified by reference to Figure 1B.
validity of the polarizing model, nor do they disprove it.
Figure 1. Skeletal Elements of the Wing of the Fowl, and Significant But, the phenotype of double KO forelimbs is not readily
Signaling Systems Involved in the Execution of Their Pattern explained by it. In these mice, proximal (zeugopodial)
(A) Skeletal parts of the chick wing: h, humerus; r, radius; u, ulna. elements are invariably deficient when distal (autopod-
(B) Limb bud of chick embryo showing interactions (arrows) between ial) elements are present. According to the PZ model,
products of genes expressed, as color coded, in the AER and the specification of the zeugopod should be complete be-
ZPA (source of SHH).
fore specification of the autopod is initiated. This consid-
eration casts further doubt on the PZ model.
limb buds were capped with an AER, but were 25%
smaller than normal from the outset. Later, many cells
in the proximal part of the bud underwent cell death,
with the result that the hindlimb buds contained too few
skeletal progenitors to form a limb skeleton.
In contrast, forelimb with all proximodistal skeletal
segments formed in double KO mice. The stylopod was
generally normal, but the zeugopod was always severely
hypoplastic and malformed, often containing only a sin-
gle bone that usually could be identified as an ulna.
Autopods were also hypoplastic but generally contained
one or two digits. Such extensive forelimb development
was due to the fact that Msx2-cre was not expressed
in the forelimb bud until after Fgf4 and Fgf8 were ex-
pressed, albeit transiently. As a result of this early tran-
sient gene expression, forelimbs were initially normal in
size. However, after Fgf4 and Fgf8 were inactivated, the
forelimbs were diminished in size by extensive cell death
in the proximal region. The authors suggest that this
Figure 3. Representation of the Progress Zone Modelcell death reduces the number of skeletal progenitors
Mesenchymal cells exit the PZ (arrows) by virtue of proliferation.available to form the forelimb. They propose that the
Meanwhile, their proximodistal positional character has been speci-role of FGF signaling from the AER is to ensure that
fied by the length of time spent under the influence from signals fromsufficient progenitor cells are available to form the nor-
the AER and ZPA. Those exiting first show the axial configuration of
mal complement of skeletal elements and possibly the stylopodial elements; cells for zeugopodial and autopodial elements
tissues associated with them. presumably exit subsequently, having their axial character fixed in
that order.These foregoing matters do not directly address the
Minireview
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Does the Specification of Future Limb Segments ectopic AER reset a “distalization” clock in the underly-
Take Place in Domains Prepatterned ing dorsal tissues, wherein domains of specificity arise
in the Limb Field? anew in proximodistal order? Such an interpretation
Results of the marking and grafting experiments by Tut- would be compatible with the PZ model without neces-
tle et.al. (2002) can be interpreted to indicate that the sarily supporting it.
skeletal elements of the limb are specified in the context Abandon the Progress Zone Model?
of a prepattern that is present at the time the mesoderm Overall, the results considered in this review do not
as the limb field itself is determined. This possibility support the PZ model for the generation of proximodistal
finds support in results obtained by Chiang et al. (2001) specificities of limb parts. Therefore, until the mecha-
in Fallon’s laboratory. The authors studied mouse em- nism of limb patterning is better understood, it is recom-
bryos bearing a deletion in the Shh gene that involves mended that use of the term progress zone be discon-
loss by autocatalysis of 97 of the 198 residues remaining tinued. The term “apical zone” should better be applied
after normal SHH processing. Limb buds of the mutant to the region of the limb bud capped by the AER and
embryos initially appeared to be normal and were receiving its signals. The extent of this zone might provi-
capped by AERs expressing Fgf4 and Fgf8. They did not, sionally be defined by the region of cataclysmic cell
however, show SHH protein, or gene products normally death that occurs apically after the AER is excised from
appearing downstream of SHH action in the posterior normal limb buds. One would not rule out, however, the
limb mesoderm. The AERs persisted until relatively late possibility that some aspects of AER signaling might be
stages, eventually degenerating and ceasing expression exercised more proximally.
of FGFs. Upon the loss of FGF signaling from the degen-
Selected Readingerating AER, proliferation of the underlying mesoderm
was greatly reduced throughout the bud. Accordingly,
Chiang, C., Litingtung, Y., Harris, M.P., Simandl, B.K., Li., Y., Beachy,the resulting limbs were small and pointed. Neverthe-
P.A., and Fallon, J. (2001). Dev. Biol. 236, 421–435.
less, they consistently showed representatives of all
Martin, G.R. (1998). Genes Dev. 12, 1571–1586.proximodistal skeletal elements. Of further importance,
Pierce, R.V., and Tabin, C.J. (1998). J. Exp. Zool. 282, 687–690.the developing buds consistently showed the asymmet-
Rubin, L., and Saunders, J.W. (1972). Dev. Biol. 28, 94–112.ric expression of Hoxd-11, Hoxd-12, and Hoxd-13, as
Saunders, J.W. (1948). J. Exp. Zool. 108, 363–403.characteristically occurs during the outgrowth of normal
Saunders, J.W., and Gasseling, M. (1968). In Epithelial-Mesenchymallimb buds. So it seems possible that in the early limb
Interactions, R. Fleischmajer and R. Billingham eds. (Baltimore: Wil-bud, there are prepatterned domains of progenitor cells
liams & Wilkins), pp. 78–97.
specified to form the proximodistal pattern of limb seg-
Summerbell, D., Lewis, J.H., and Wolpert, L. (1973). Nature 244,ments.
492–496.
Tuttle et al. point out that, whereas, according to their
Sun, X., Mariani, F.V., and Martin, G.R. (2002). Nature 418, 501–508.
results, progenitor populations for the successive limb
Tuttle, A., Ros, M.A., and Tabin, C.J. (2002). Nature 418, 539–544.segments are already specified at stage 19, these popu-
lations are not determined, in the sense that their devel-
opmental potentialities are not restricted to a particular
morphogenetic fate. The authors dissociated apical
mesenchymal cells from wing buds at stage 20, reas-
sembled them in ectodermal hulls, and allowed them to
develop. The recombinants formed all three limb seg-
ments even though the grafted cells were already speci-
fied to form autopodial structures. Accordingly, proxi-
modistal respecification of the apical mesenchymal cells
took place in these grafts. Similar grafts taken from
donors of stage 22 formed only elements of the zeugo-
pod and autopod, and grafts of cells reassembled from
apical mesoderm at stage 24 formed only parts of the
autopod.
This series of operations further shows that loss of
ability to be respecified, and hence of acquisition of
determination, occurs in proximodistal sequence as first
revealed by the levels of truncation shown by limb buds
from which AERs were excised at progressively later
stages of development.
If, indeed, progenitor populations specified prior to
differentiation are amenable to respecification prior to
differentiation, the question arises as to the mechanism
whereby respecification takes place. This problem also
arises from the fact that an AER grafted to the dorsal
side of the limb bud can elicit the formation of duplicate
terminal limb parts in proximodistal sequence. In this
instance, respecification of pre-existing, but labile popu-
lations presumably takes place. Do signals from the
